Abstract: A simplified method for the seismic design of low-rise, base-isolated shear wall structures is proposed in MOC-2012. This simplified method is basically a hybrid method, where the design of the isolation system is a simpler version for the static method available in US guidelines for the design of base-isolated structures and the design of the superstructure essentially is an improved version of the simplified method for the seismic design of conventional low-rise shear wall structures of Mexican seismic codes. The application of this method and its effectiveness to obtain safe designs is illustrated with a practical example. It is anticipated this simple methodology would help promote the use of base isolation in low-rise shear wall structures and reduce their vulnerability when subjected to strong earthquakes.
INTRODUCTION
The Manual of Civil Structures (MOC), one of the model design codes in Mexico, was updated. This manual is frequently used in the entire nation in lieu of a specific code for a state or a city. The new version for this manual and all the chapters was published in 2008 [1, 2] . The bases and design philosophy of previous and current seismic design provisions of MOC code in English language can be found [2, 3] .
There is one new chapter in MOC-2012 devoted to the seismic design of base-isolated structures [4] , the philosophy of which is presented in detail in [5] . Among the innovations of these base-isolation guidelines is that a simplified method of seismic analysis is allowed for the design of low-rise, shear-wall base-isolated structures.
This method is hybrid in nature, as briefly mentioned before. The design of the isolation system is a simpler but more restrictive version for the static method for base-isolated structures, which is very similar to US guidelines [6] [7] [8] [9] . The design of the superstructure essentially is the improved simplified method for the design of conventional structures but the effective shear area factors (F AE ) that are defined for the walls are those for elastic response [1] [2] [3] [4] [5] 10] . The effects of the vertical component of the ground motions are neglected in the design process when using the simplified method.
The purpose of allowing such method for design purposes is to favor the application of base-isolation in regular and squatty shear wall structures by reducing its complexity. It makes no sense to complicate the design of base-isolated structures when the superstructure is simple, regular, squatty and very rigid, as their seismic response is relatively easy to eas greater than 20 percent of the gross enclosed area of the diaphragm or 20 percent greater than the plan dimension of the structure in the parallel direction. In addition, the open areas shall not vary in position between adjacent stories or shall not introduce important asymmetries in plan.
7. The weight of any story, including the seismic accidental live loading, shall not be greater than 110 percent or less than 70 percent the weight of the adjacent story below the one in consideration (0.7 W i /W i-1 1.1). A roof which is lighter than the floor below need not to be considered.
8. The plan area of any story shall not be greater than 110 percent or less than 70 percent the area of the adjacent story below the one in consideration (0.7 A i / A i-1 1.1). The roof is exempt of this consideration. In addition, the plan area of any story shall not exceed in more than 50% the minimum area of the lower stories (A i /A min 1.5).
9. All columns are laterally restrained in their main orthogonal directions at all stories by rigid diaphragms, floor slabs or beams.
10. The lateral shear stiffness or strength of any story shall not exceed more than 50 percent the shear stiffness or strength of the adjacent story below the one in consideration (K i /K i-1 1.5). The top story is exempt from this requirement.
11. The torsional plan eccentricities (e si ), computed for any story from static seismic analysis, shall not exceed 5 percent of the plan dimension in the given direction of analysis (e si 0.05B i ).
12. The torsional plan eccentricity for the isolation system (e sa ), shall not exceed 2 percent of the plan dimension in the given direction of analysis (e sa 0.02B a ).
B. The structure above the isolation system is composed of shear walls and satisfies also the following additional requirements of the SMSA of conventional shear wall buildings:
1. The walls must carry more than 75% of the gravitational loads.
2. The structure shall not be taller than four stories in height or 13 meters, whichever is smaller.
C. The base-isolated structure is located at least 50 km away from any known active fault.
D. The base-isolated structure is located on firm soils or rock [the site factor ranges from 1.0 to 1.25 ( 1.0 F s 1.25 ) or the shear wave velocity is v s 250 m / s ]. E. The effective period of the base-isolated structure at the design displacement, T as , is greater or equal to 1.5 seconds but less or equal to 3.0 seconds, this is, 1.5s T as 3s .
F. The effective period of the base-isolated structure at the design displacement, T as , is greater than five times the elastic, fixed-base period of the structure above the isolation system, T E , this is, T as 5T E .
G. The isolation system meets the following criteria:
1. The effective stiffness of the isolation system at the design displacement is greater than one-third of the effective stiffness at 20 percent of the design displacement ( Fig. 1) .
2. The isolation system is capable of producing a restoring force as specified in required prototype testing section of the guidelines.
3. The isolation system has force-deflection properties that are independent of the rate of loading.
4. The isolation system has force-deflection properties that are independent of vertical load and bilateral load.
It is worth noting that requirements A2 and A3, which are more strict than those requested for most conventional structural systems, are specified by the SMSA for low-rise structures [i.e., 10].
Requirement A11 for base-isolated structures (e si 0.05B i ) is more strict compared to conventional structures and the SMSA (e si 0.1B i ), as for elastic response, a smaller static eccentricity should be allowed in the simplified method, according to the results of a parametric study [11] . Requirement B2 is a little more restrictive as well, as for conventional structures, the SMSA is allowed for structures up to five stories in height [10] .
Finally, requirements A12, C and F are more strict with respect to what it is allowed in the static method for baseisolated structures [i.e., 4, 5] . Requirement A12 is set to limit one source that amplifies considerably the torsional response in base-isolated structures: eccentricities in the isolation system [i.e., [12] [13] [14] [15] . Requirement C is specified in order that the effects of the vertical component of the ground motions could be neglected in the design process when using the simplified method. However, it is worth noting that the effects of the vertical components cannot be neglected for near-fault ground motions since the isolators can undergo tensile loads, especially when the vertical component of the ground motion has a relatively high peak value [16] . Requirement F is set to warrant a reasonable uncoupled dynamic response, controlled essentially by the isolation system. Fig. (1) . Design envelope curve for bilinear isolators that follow criterion G1.
General Design Guidelines
As noted earlier, the simplified method is a simpler version of the static method allowed in MOC-2012 [4, 5] and, for the design of the isolation system, it is similar to the static procedure outlined in design guidelines for baseisolated structures of the United States [i.e., [6] [7] [8] [9] , with adaptations to the seismic design philosophy of current MOC code and original proposals from research studies conducted in Mexico and worldwide. The design of the superstructure is based upon the updated version of the SMSA of Mexican codes for low-rise, squatty shear-wall structures, where elastic response is expected [10] . Therefore, the natural period for the base-isolated structure, T as , is estimated as:
where W is the weight of the structure above the isolation system and k Dmin is the effective lateral stiffness of the isolation system at the total design displacement, D T .
The design displacement of the center of rigidity of the isolation system in the direction of analysis for the Maximum Credible Earthquake (MCE), D D , is computed as:
where F c =1.1 is the load factor for combinations of lateral and gravitational loads according to MOC.
This design displacement has to be amplified to account for orthogonal effects in the horizontal plane (D 2D ) as follows, based on the extensive parametric study summarized in [17] :
The amplification of the total design displacement (D T ) to account for torsional effects due to actual and accidental eccentricities is crudely estimated for design purposes as:
The increment of 10% for the design displacement due to torsional response is based upon the study presented by Seguín [18] . In the cited study, it is shown that for elastomeric base-isolated structures, amplifications in the bearing displacement due to accidental eccentricities of five percent the longest plan dimension of the structure perpendicular to the direction of force under consideration do not exceed 10%, considering an ample range of the rotational to translational frequency ratio of the isolation system ( 0as ).
The minimum design shear force for the isolation system, the foundation and structural elements below the isolation system, V as , is computed as:
where k Dmin is the effective stiffness of the isolation system at the design displacement in the horizontal direction under consideration (Fig. 1) .
The equation to define V E , the minimum design shear force for the structure above the isolation system is:
where Q´a s is the seismic reduction factor for baseisolated structures that is estimated as outlined in [5] . The value of V E shall not be taken as less than the following:
1. The lateral seismic force required for a fixed-base structure of the same effective weight, W, and a period equal to the isolated period, T as .
2. The base shear corresponding to the factored design wind load.
It is worth noting that the limits in V E mostly coincide with current proposal of ASCE-7 [7] as per section 17.5.4.3, but item 3 ("the lateral seismic force required to fully activate the isolation system multiplied by 1.5") is not included in MOC-2012 [4] .
The vertical distribution of lateral forces in the superstructure is given by the following expression:
where F i , and W i are respectively the lateral force and the weight above the isolation system of level i. and the remaining terms have been already defined. As observed, in the simplified method of MOC-2012 a uniform lateral load distribution is allowed, as it is required that base-isolated structures should be reasonably uncoupled ( T as / T E 5 ).
Finally, using the SMSA, it is allowed to design the structure above the isolation system by just computing the seismic shear forces that each wall has to carry according to its relative shear stiffness and then assessing the strength required by the walls to carry the attracted shear forces.
As the SMSA is based on an idealized distribution of lateral forces of symmetric shear-wall structures with rigid diaphragms [10] , the shear force attracted by any wall j at level i, V ji , is computed from the shear force acting at level i, V i , as follows:
where F AE ji is the effective shear area factor of wall j at level i (proposed by SMSA) and A T ji is the cross section area (axial area) of wall j at level i.
For base-isolated structures, elastic response for the superstructure is desirable, so the effective shear area factors, F AE for this condition are:
where h´ and L are respectively the height and the length of the wall under consideration.
Once all walls are correctly designed by shear forces, the design procedure using the SMSA is over, as no further reviews are needed, for example, assessing torsional effects, overturning moments, P-effects, or limit states such as if lateral drifts meet code requirements, etc. Therefore, the SMSA is very attractive as it allows studying quickly different options for the design of low-rise buildings with a small computational effort, thus a modest computer with a spreadsheet program becomes a powerful tool to implement the SMSA.
DESIGN EXAMPLE
The application of the simplified method is illustrated with the design of the four-story, 10.8 m in height confined masonry shear wall building the plan of which is shown in (Fig. 2) .
The typical story height for the building is 2.7m. Confined masonry walls are built with fired clay bricks with thickness t=12.5 cm and will be jointed with mortar type I according to Mexican masonry guidelines [i.e., 19]; this mortar is similar to mortar types M or S specified in US masonry codes. The confining RC elements shall be designed to fulfill the requirements specified in Mexican masonry guide- The building is located at a distance of 80 km away from the nearest active fault. The characteristics of the soil type profile for the site are available from a detailed geotechnical study and, according to MOC-2008 guidelines [1, 2] , the characteristics are: peak acceleration in the bedrock a 0 r = 0.157g , fundamental site period T s = 0.5s and site factor F s = 1 , so their corresponding acceleration design spectra is shown in (Fig. 3a) and the control periods T a and T b that define the plateau are T a = 0.175s and T b = 0.6s .
It is required to perform a preliminary design for a baseisolation project with lead-rubber bearings (LRB) using the simplified method.
Review of Requirements for Application
The first step is to ensure that all requirements to use the simplified method are satisfied. Regarding the 12 conditions of structural regularity, from the description of the building, the structural system and the plan shown in (Fig. 2) , it can be concluded that conditions A1, A4, A5, A6, A7, A8, A9 and A10 are reasonably satisfied. Condition A2 (slenderness) is also satisfied, as H/L 2 =10.8/9.5=1.14<1.5. Condition A3 is also met as L 1 /L 2 =18/9.5=1.89<2.
The plan for the structure (Fig. 2) is completely symmetric with respect to the Y axis; however, there is a small eccentricity offset with respect to the X axis that has to be evaluated in order to discern if regularity conditions A11 and A12 are satisfied. This evaluation is done using a simplified calculation to estimate the static eccentricity that is allowed when using the simplified method (Eq. 10), as schematically shown in (Fig. 4) 
From the dimensions of the plan shown in (Fig. 2 ) and the illustration in (Fig. 4) , this review is easily done with the help of Table 1 . From the results computed in Table 1 it is obtained that: therefore, condition A11 is satisfied as e sy / B = 0.092 / 9.5 = 0.01 0.05 . As the bearings will be placed as symmetric as possible, condition A12 should also be met, since e sa should be similar to e sy , therefore, within allowable limits.
From the definition of the problem and the plan of the building (Fig. 2) , it is found that requirement B1 is fulfilled. Requirement B2 is satisfied as the building has four stories and its total height is 10.8m. From the information that is given in the example, it is concluded that requirements C and D are also fulfilled. Finally, requirements E, F and G will be met within the design process. Therefore, it can be concluded that the building structure in (Fig. 2) satisfies the requirements to use the simplified method. a) Acceleration design spectra 
Estimate of the Seismic Weight and Fixed-Base Periods
The estimate of the seismic weight is crudely done by computing the own weight of the structural system due to dead and live loads, plus the own weight of walls and the weight of the slab above the isolation system. For simplicity, it will be assumed that the slab above the isolation system weights exactly the same as the slabs in intermediate floors.
It can be obtained from (Fig. 2) that the total length of walls at each plan is L m =71m and the linear weight of walls is w =1.3(2.7)(0.125)=0.44 Ton/m. Therefore, from the remaining data given in the example the total weight W can be estimated as: An estimate of the natural period for the fixed-base structure is also necessary. For this purpose, the approximate formula proposed by Murià and González [21] for fixed-base confined masonry buildings is used. Therefore, as the building is four stories in height (N=4), then:
Design of the Isolation System
There are some options already available in the literature for the preliminary design of lead-rubber bearings [i.e., [22] [23] [24] . In this example, the general procedure outlined in [24] will be adapted and used.
The primary curve for the isolation system should be defined in order to satisfy requirement G1 schematically shown in (Fig. 1) ; therefore, k D min = k eff 1 3 k eff 2 . As the postyielding stiffness ratio k 2 / k 1 depends primarily on the characteristics of the isolation system and since k 2 / k 1 0.1 for lead-rubber bearings, to satisfy the primary curve for k 2 / k 1 = 0.1 , then:
(13)
The initial yield force V y = W for the isolation system should be proposed or estimated as a function of the expected design displacement D T and the equivalent viscous damping at that design displacement D , which can be estimated for a bilinear system as:
where V c is the characteristic shear force (Fig. 1) .
, these expressions can be further reduced from Eqs. 11 to 15 as:
28.8V y y
Therefore, it is observed that D is constant once the primary curve is defined in terms of k 2 / k 1 and y / D T , regardless of the yield force V y , a fact that eases considerably the design procedure.
In addition, T as should be proposed to meet requirements E and F. Therefore, T as = 2s is initially proposed, as T as / T E 12.5 > 5 .
Then, k Dmin is computed from Eq. 1: It is clear from Eq. 5 and (Fig. 1) that the total design displacement D T is:
The total design displacement D T can be estimated in terms of the displacement D D from Eqs. 2 to 4 as:
This displacement capacity D D has to be compared with the demand spectral displacement S d , and for an acceptable design, S d D D . Given that T as = 2s and as = D = 0.28 , from the displacement design spectra for the site shown in (Fig. 3b) , it is obtained that S d = 12.54 cm < D D = 12.91 cm , then, the global design is acceptable. Therefore, the remaining parameters that define the primary curve for the isolation system are:
A preliminary design for the isolation system is required. This is done with the general procedure outlined in [24] , but it is clear that any suitable method can be used for this purpose. Assuming that six LRB will be used as schematically shown in (Fig. 5) ( N ais = 6 ) 
Reviewing that the characteristics for the primary curve ( Fig. 1) are satisfied (requirement G1):
Then, D for this isolation system is:
Then T as and D D are:
Given that T as = 1.94 s and as = D = 0.26 , from the displacement design spectra for the site shown in (Fig. 3b) , it is obtained that S d = 12.38 cm < D D = 13.11 cm . Therefore, the preliminary design is verified and 6 LRB can be used with the following general characteristics:
It is worth noting that one has still to dimension the thicknesses of the rubber and steel layers of the LRBs, which can be preliminary done with procedures available in the literature [i.e., 22, 23] . Also, a final design necessarily requires an open and close communication with the manufacturer to adjust the characteristics of the isolators, besides many other issues and details of paramount importance in the design and construction of a base-isolation project.
Design of the Structure above the Isolation System
The minimum design shear force for the structure above the isolation system V E is defined in Eq. 6; therefore, it is required to compute Q´a s as specified in [5] .
As T as / T E = 1.94 / 0.16 = 12.13 > 5 , then Q´a s = R as as 1 . Given that the structure above the isolation system is composed of confined masonry shear walls made with solid units, then the overstrength index factor is R a0 = 1.6 . As T E = 0.16s < T a = 0.175s , then, the overstrength factor R as is:
It can be observed from Fig. (5) that the redundancy factor as (explained in [5] ) is ruled by the isolation system. Therefore, from (Fig. 5) , as = 0.8 should be taken in the Y direction as the isolation system is forming an equivalent "three parallel one-bay frames system", whereas in the X direction, as = 1 because the isolation system is forming an equivalent "two parallel two-bay frames system". Therefore, as as is different in both orthogonal directions, then: . Because of space constraints, and in the interest of the understanding of the simplified method, this calculation will be briefly described as follows. With T as = 1.94s and = 0.05 , it is obtained from the acceleration design spectra shown in (Fig. 3a) that S a = 0.278g . As a ' = S a / Q ' R then, it is required to define the overstrength factor R, the redundancy factor and Q` factor for the structural system shown in (Fig. 4) . From the analysis of Fig.  (4) , it is obtained that = 1 in both orthogonal directions. As T as = 1.94s > T a = 0.175s , then R = R 0 = 2.5 for confined masonry shear wall structures. The computation of Q´ is Fig. (5) . Schematic location of LRB for the isolation project (dimensions in meters). more complex, so following the guidelines described in [2] , it is obtained that Q´=1.80. Then:
Therefore, it is clear that V E x > V Efb and V E y > V Efb , so V E x and V E y should be used for the design of the structure above the isolation system.
The vertical distribution of lateral forces in the superstructure is given by Eq. 7. Therefore, from the information provided in this example, and considering that for seismic analysis, the masses (weights) of walls within an interstory are distributed in halves between the corresponding adjacent stories, it is obtained that:
113.09 530 = 18.59 Ton ; The predesign of the walls using the SMSA requires first to assess the compressive strength required for the masonry (f* m ) and the solid clay bricks (f* p ) to withstand the vertical load combinations according to Mexican masonry guidelines [19] . It is beyond the scope of this paper to illustrate this simple procedure, which is described in detail in [25] . Summarizing the design for gravitational loads, the critical element is wall F at the first story (Fig. 3) , and accordingly, it is required for the masonry to have a minimum design compressive strength f m * = 22.75 kg / cm 2 , and since mortar type I is used, therefore, the fired clay bricks should possess a compressive strength f p * = 65 kg / cm 2 . With such properties for the bricks and as mortar type I is used, the index shear strength for design for the masonry is v m * = 3.5 kg / cm 2 .
The seismic design for the shear walls using the SMSA will be illustrated for the walls of the first story in the critical Y direction, where V E y = 108.8 Ton . From the information given in the definition of the example, the plan shown in (Fig. 4) and Equation 9 , it is obtained that, in the Y direction:
The shear forces that each wall type have to resist in the Y direction ( V ji y ) are computed from Eq. 8 taking V i = V 1y = V E y = 108.8 Ton . These computed shear forces V ji y are compared in Table 2 with the estimated shear strength capacity for each wall according to Mexican masonry guidelines, V mR [i.e., 19, 26] . Details on the assessment of V mR for each wall considering that horizontal shear reinforcement is not provided and are presented in [25] .
From the observation of the data presented in Table 2 , it can be concluded that only wall B does not have enough shear strength capacity without horizontal shear reinforcement. However, the SMSA also allows to do a gross strength evaluation where V mR V E y and, from the data given in (Table 2 and Fig. 3) , it is obtained that V mR y = 114.5 Ton > V E y , so the design is tight, but acceptable. In addition, the design for the walls in the Y direction can be easily improved providing the minimum horizontal shear reinforcement as established by the Mexican masonry guidelines [i.e., 19, 26] . It is beyond the scope of this paper to present such refinement.
As reported [25] , all walls in the X direction have enough shear strength capacity to resist the earthquake demands without horizontal shear reinforcement and for this direction, the gross evaluation yields V mR x = 108.8 Ton > V Ex = 87.1Ton .
This example illustrates that the simplified method for the seismic design of low-rise, shear wall base-isolated structures prescribed in MOC-2008 is easy to apply. Most of the required calculations can be easily programmed or implemented in spreadsheet software (for example: http://www.researchgate.net/profile/Arturo_Tena-Colunga/contributions/?ev=prf_act).
REVIEW USING NONLINEAR DYNAMIC ANALYSIS
The effectiveness of the design obtained using the simplified method is assessed with nonlinear time-history analyses done according to the same MOC-2012 guidelines [1, 2] . (Fig. 3a) . The same factor was used to scale the two orthogonal components (E-W and N-S), for each pair of acceleration records under study. These records were corrected, filtered and processed similarly as reported in a previous study [17] , as they belong to the same database.
Nonlinear time-history analyses were conducted using the 3D-Basis software [27] . Bidirectional input of the scaled ground motions was considered, switching components in order to crudely consider directivity effects. LRB were modeled individually using the hysteretic element with biaxial behavior available in 3D-Basis. The structure above the isolation system was modeled as a 3D shear building. In fact, this is the modeling assumption behind the SMSA allowed by Mexican codes for low-rise shear wall buildings [i.e., 10, 11] . Twelve modes were considered in the 3D-Basis analyses. It is worth noting that the translational fixed-base periods computed with 3D-Basis under this modeling assumption were T E X = 0.187s and T E y = 0.175s , reasonably close to the natural period estimated for preliminary design purposes ( T E 0.04N = 0.16s ).
Peak dynamic responses obtained from the nonlinear dynamic analyses are summarized in Table 3 (structure above the isolation system) and Table 4 (isolation system). It is Review of the shear capacity of the first story walls in the Y direction (Fig. 3) worth noting that, according to the time-history procedure defined in MOC-2012 [4] , if seven or more pairs of timehistory analyses are performed, the average value of the response parameter of interest shall be used for design, which is why the mean value (μ) is also provided in these tables.
It can be deducted from the results presented in Table 3 that the isolation of the superstructure is effective. The superstructure practically responses as a rigid body with negligible peak roof displacements with respect to the isolation level and peak drift angles (at first story) considerable below the limit =0.0015 allowed by MOC-2012 for base-isolated structures with confined masonry walls built with solid units [4, 5] .
The peak acceleration profile is also fairly uniform, as the structure displaces almost as a rigid body. The average amplification factor between the peak acceleration at the first story (not shown) and the peak roof acceleration ( Table 3 ) is 1.03. Therefore, these results illustrate the rationality behind the uniform lateral force distribution for the superstructure proposed in Eq. 7. Finally, normalized shear strength capacities for the confined masonry structure are V mR x / W = 0.167 and V mR y / W = 0.175 , higher than the average and maximum normalized peak base shear demands V xe / W and V ye / W reported in Table 3 .
It can be confirmed from the results presented in Table 4 that the base-isolation project is effective, as the reported peak LRB displacement demands D as are smaller than the total design displacement D T . In addition, the normalized shear strength capacity for the isolation system is V as / W = 0.215 , higher than the average and maximum normalized peak shear demands for the isolation system V xa / W and V ya / W reported in Table 4 . Finally, a fairly constant reduction in the shear force transmitted to the superstructure (81.5%) is also observed.
CONCLUDING REMARKS
A simplified method for the seismic design of low-rise, base-isolated shear wall structures proposed in the model code MOC-2012 of Mexico was presented. The spirit behind this simple method is to help promote the application of base-isolation in regular and squatty shear wall structures in Mexico by facilitating their seismic design process.
A simple design example was presented to help illustrate the application of the method. The effectiveness of the method in leading to safe structural designs was confirmed with nonlinear time-history analyses (NTHA) done according to the same MOC-2012 guidelines. It was verified with NTHA that: a) the superstructure practically responses as a rigid body with negligible peak roof displacements with respect to the isolation level, b) peak drift angles at the superstructure are considerable below the limit =0.0015 allowed by MOC-2012 for base-isolated structures with confined masonry walls built with solid units, c) the peak acceleration profile for the superstructure is fairly uniform, as the structure displaces almost as a rigid body. The assessed average amplification factor between the peak acceleration at the first story and the peak roof acceleration is 1.03 only, d) the normalized shear strength capacities for the confined masonry are higher than the average and maximum normalized peak base shear demands, e) peak LRB displacement demands are smaller than the total design displacement the isolators can accommodate and, f) the normalized shear strength capacity for the isolation system is higher than the average and maximum normalized peak shear demands for the isolation system. Therefore, it can be concluded that this simplified method seems to be a promising tool to achieve safe designs for lowrise base-isolated shear wall structures in a practical way.
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